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Abstract
High quality soda lime silicate glassware and microscope slides treated with model
cleaning solutions give rise to a· systematic pattern of inhomogeneous corrosion. This
corrosion is not uniform but localized to only certain regions of the glass articles.
Glassware exhibits a characteristic cloudy ring on the outside surface and iridescence
near the rim. Microscope slides show highly parallel ridges on the surface that run the
entire length of the slides. The surface composition as determined by x-ray photoelectron
spectroscopy and x-ray mapping, and microstructure as characterized by optical, scanning
electron and atomic force microscopy vary considerably in different regions of the
specimens. The visibly heterogeneous corrosion pattern, which correlates with the
compositional and structural inhomogeneities, is explained in terms of the surface defects
that are introduced during different stages of glass manufacturing. A new mechanism for
creation of surface composition profiles .during glass blowing is proposed and
demonstrated. Role of sodium disilicate in solution is explored for promoting
inhomogeneous corrosion. Reduction in glass corrosion is achieved by improving
solution composition.
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Chapter 1 ' Introduction
1.1 Introduction and motivation
Glass is usually considered to be a homogeneous and chemically durable material.
However, observations of white deposits, loss of shine and transparency on window
glasses and other commercial glassware suggest lack of such durability. Intense visible
corrosion is especially witnessed on glassware that undergo harsh conditions of repeated
machine dishwashing [1-5]. Some glassware develop milky/white and/or iridescent
surface while others only experience a characteristic milky banding or cloudy ring. The
visible appearance of the corroded surface depends on the type of corrosion reaction,
which is related to the composition of glass [6-10], and the composition [11-14], pH and
temperature of the solution [8, 15]. Precipitation, leaching of alkali ions and the
breakdown of silica network in an inhomogeneous fashion, are considered to be the main
causes ofwhiteness ofthe glass surface [1, 2,5, 16].
Visible corrosion in the fonn of a characteristic cloudy ring in only a limited
region of glassware, is quite intriguing. The microstructure of the cloudy ring is reported
to consist of surface pits of ~ a micron size [5]. Light scattered from the pitted surface
makes it appear white. Efforts have been made to explain the origin of this usually
symmetric ring. It has been observed that cloudy ring often occurs in glassware that are
made by a two-step process, where a stem or a handle is attached after the bowl is
fonned. Buchmeier [5] proposed that an uneven temperature distribution at the glass
surface during glass production leads to diffusion of alkali ions from warmer to the colder
regions of the glass surface. According to him, the areas of high alkali ion concentration
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(after excessive alkali .leaching give rise to the characteristic ring shaped clouding, but
detailed compositional variations have not been shown on the unwashed or washed glass
surfaces. So direct evidence in support of this model has been lacking. -
In .this work we investigate in detail the characteristics and origin of the cloudy
nng, 'iridescence', and other forms of corrosion, which are commonly observed on
consumer glass articles. We study surfaces of the as received -samples for any
compositional (as proposed by Buchmeier [5]) and/or structural defects, -and their
correlation to the corrosion behavior of the glass articles. We mo~tored closely the
compositional and structural evolution of the glass surface as a result of machine
dishwashing. On the basis of this knowledge, we recommend means to prevent glass
corrosion by (i) improving the solution composition and (ii) enhancing the glass
durability by removal of the surface defects.
The specimens chosen for this study are soda-lime-silicate wineglasses that are
representative of a variety of glassware manufactured by the 'two-piece stemware'
process. The samples consist of a bowl, a stem and a foot as shown in Fig.l.l. The glass
bowl is further divided into several regions spanning from the rim to the center to the
bottom. The microstructure and chemistry of these regions in the as-received samples
were studied in detail to identify on the initial surface any variations created during their
fabrication. The samples were then exposed to a model detergent solution in a machine
dishwasher for a number of cycles. The structural and chemical changes in the above-
mentioned regions of the glass surfaces were then monitored for signs of inhomogeneous
corrosion. Progress of corrosion as a function of treatment time was also studied. Finally,
effect of solution composition on glass corrosion was studied by varying the
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concentration of sodium disilicate in solution. Sodium disilicates are dried water glasses,
i.e. hydrated sodium silicates with a Si02INa20 ratio of 2:1. It is a common additive to
the detergent, which can significantly affect the corrosion reaction [2, 17]. In fact,
. ,
disilicate containing detergents have been found to be very corrosive [5]. We study how
variation in sodium disilicate concentration affects the corrosion reaction and hence the
visible appearance of the glassware. Solution compositions, which do not cause any
visible deterioration of the glassware, are detennined.
We also investigate effects of above solutions on the corrosion behavior ofone of
the highest quality glass articles like microscope glass slides. Chemical durability is one
of the main requirements which microscope slides must satisfy because of their
applications in precision work. Glass slides, because of their uniform physical dimension
and corrosion resistant composition, should be free ofany defects that might be present in
the wineglasses due to uneven glass temperature distribution during fabrication. This
study will enable us to determine an interrelationship between glass and solution
composition, surface defects and their creation during glass fabrication, and visible
degradation. The surfaces of the slides were first studied for the presence/absence of any
defects. These samples were then washed in a machine dishwasher in the same way as the
above glassware. Since detergent solution is a complex system and it interacts with the
glass surface in a complicated manner, a simple system like aqueous hydrofluoric acid
(HF) solution was also used for corrosion studies. HF is a common glass etchant that is
widely used in glass industry [18], surfact) micromachining [19] and integrated circuit
fabrication on silicon wafers [20]. Its interaction with glasses is very well known [18,21-
4
23]. The glass slides were treated with aqueous HE solution for varying times. The
corrosion behavior ofslides was monitored closely with various techniques.
1.2 Thesis outline
In last section, we presented a brief description and motivation of the research
problem addressed in this work. A review of the general background and literature is
presented in more detail in chapter 2, focusing on the mechanisms of glas& corrosion and
the factors affectitig glass durability. Corrosion treatments of the samples and their
characterization techniques are described in detail in chapter 3, which include x-ray
photoelectron spectroscopy, energy dispersive spectrometry, scanning electron
microscopy, optical light microscopy, atomic force microscopy, interferometry and
ellipsometry. Experimental procedures are also presented in detail. Experimental results
on the surface composition, structure and weight loss along with some comments are
presented in chapter 4. In chapter 5 we analyze and interpret the experimental results
presented in chapter 4 and discuss them to arrive at some conclusions. A model for the
origin of surface defects during glass fabrication process is proposed. Conclusions are
given in chapter 6.
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Fig. 1.1: Schematic diagram ofa stemware wineglass showing different regions.
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Chapter 2 Background and literature review
2.1: Mechanisms of glass corrosion
In this chapter, we describe how glass corrodes and various factors that affect its
corrosion behaviour. Since consumer glasses, such as those investigated in this work, are
made of silicate glass, we discuss here the corrosion behaviour of such glasses only.
Corrosion of silicate glasses can be noticed as (i) visible degradation of the glass surface
(ii) and/or weight loss. Whitening, iridescence, and loss of glass transparency, shine and
smoothness of the glass surface result in visible degradation. It can occur due to (i)
inhomogeneous glass dissolution (ii) leaching of modifiers like sodium and calci~,
which give rise to highly rough surface that scatters light and appears milky or iridescent,
and (iii) due to deposition of some reaction products on the glass surface [1, 2, 5, 16].
The second type of corrosion results only in the weight loss of the glasses, which is due
to uniform glass dissolution [9]. Corrosion of silicate glasses in aqueous solution usually
occurs via three mechanisms
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which leads to surface cracking. Leaching is also known to cause surface porosity [24]
which increase glass surface area exposed to the solution. These two effects of leaching
further enhance the corrosion reaction. Leaching usually occurs at low values of solution
pH «9) [9]. Leaching of sodium ions from a soda silicate glass can be written as the
following reaction
Si-O-Na (glass) + H20 (liquid) => Si-O-H (glass) + NaOH (liquid)
and/or Si-O-Na (glass)+ 2HzO (liquid)=> Si-O-H30 (glass) +NaOH (liquid) (2.1)
Under static corrosion condition and high glass surface area to solution volume ratio
(SAN), the solution pH increases due to the formation of NaOH. At high values of the
pH (>9) dissolution of glass starts. This mechanism is characterized by complete
breakdown of the glass network and its dissolution into the solution. The equilibrium
equation for the reaction can be represented by [9]
O-Si-O-Si-OH (g) + 40B" (soln) ¢:> O-Si-OH (g) + Si(OH)4 (soln) (2.2)
The above two mechanisms ofcorrosion are schematically presented in fig. 2.1.
Glass dissolution can occur congruently, wherein glass components dissolve i~
the same ratio as they exist in the bulk glass. Surface chemistry or morphology does not
change as a result of this process but only the glass weight. Dissolution can also occur
preferentially where the ratio of the dissolved species in the medium can differ from that
in the glass [9]. Dissolution of leached layer on the glass surface is an example of
preferential dissolution. If the glass surface dissolves homogeneously, there is no change
in surface morphology. However, if the glass surface dissolves inhomogeneously, the
surface structure changes. Thus glass corrosion can result in both structural and chemical
changes on the glass surface.
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2.2 Factors affecting glass corrosion
The above mechanisms for corrosion of a silicate glass depend on its composition~
temperature, pH and composition of the medium, homogeneity" and stress on the glass
surface.·
Effect of composition: The effect of composition on glass durability has been well
addressed in the literature [6-10]. Vitreous silica is the most durable of all silicate glasses
because of its continuous network of strong covalent bonded bridging oxygen atoms that
connect two silicon atoms. Silica, however, has a very high melting temperature and thus
is quite expensive to fabricate. To reduce its melting temperature modifier ions are added.
Alkalis are the most common modifiers used in silicate glasses..However, incorporation
of alkalis into the atomic network breaks bridging oxygen bonds and gives rise to
ionically bonded non-bridging oxygen atoms as shown in fig. 2.2. Alkalis not only open
up the network, but also remain mobile within the interstices, thus decreasing the
chemical durability of glass considerably. Sodium is the most common alkali used in
commercial glasses. To enhance chemical resistance of an alkali silicate glass, alkaline
earth oxides are added since they inhibit movement of the alkali ions as well as its phase-
separation tendency to a great extent, though they also transform bridging oxygen atoms
to the non~bridging ones [10]. Calcium is commonly used alkaline earth metal in sodium
silicate glasses, and the glass is termed as" soda-lime-silicate glass. At high temperatures,
however, Ca can also weaken the network considerably. So, some minor components are
further added, which transform non-bridging oxygen atoms to the bridging ones. Ah03,
Ti02 and Fe203 are some of these components, which slightly increase the alkaline
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durability by decreasing the mobility of hydronium and alkali ions and mechanical
abrasion resistance of glass. They also reduce tendency of the glass to phase-separate.
They stabilize the calcium-silicate rich film, and also reduce the effect of pH in glass
dissolution [25]. Other minor components like Zr02 are also added to the silicate glasses
to enhance their chemical durability [26]. "Moreover, two kinds of alkali and alkaline
earth oxides are incorporated together in the glass composition since they enhance the
glass durability due to mixed alkali/alkaline earth effect [27, 28]. So, a typical
commercial soda-lime-silicate glass composition consists of major components Na20,
CaO, Si02and minor components Ah03, MgO, S03, Ti02, Fe203 and K20.
Effect of solution parameters: The nature of the solution medium also affects glass
corrosion considerably. The important parameters that play crucial role in glass corrosion
are composition, pH and temperature of solution. Constituents of glass if present in
solution, reduce glass dissolution rate [2, 17]. Silica in solution either deliberately added
or from dissolution of glass reduces the rate of congruent dissolution [17]. Relation of
glass corrosion to the presence of glass components concentration in solution will be
investigated in detail in this work. As mentioned before, pH of the solution determines
the type of the corrosion mechanism. Acidic solution at pH < 9 promotes leaching of
mobile ions, whereas alkaline solution at pH > 9 results in congtllent glass dissolution
[15]. However, this is not a strict rule. In fact, some amount of modifier leaching has
been observed even at pH as high as 12 [29]. Rate of glass attack increases with increase
in solution temperature, and it follows an Arrhenius relation [9].
Effect ofsurface inhomogeneities: Surface homogeneity also plays an important role in
determining glass durability. Any variations on the surface can be preferentially
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reactive/non-reactive to the solution medium, and lead to inhomogeneous dissolution.
Compositional'heterogeneities on the glass surface are common examples of the lack of
surface homogeneity. They have been long known to occur mainly due to the presence of
refractory materials in the glass melt [30-33]. They are usually referred to as cords, reams
or striae in the glass industry and are predominantly high in alumina and zirconia. In this
work, .we investigate additional mechanisms, which can give rise to chemical and
structural inhomogeneities on the glass surface.
Effect of manufacture processing: Since glass corrosion reaction begins at the surface,
any alterations of the surface changes chemical durability. Thus the processing during
manufacture of glass articles can alter their durability considerably. The finished article
has superior chemical resistance in comparison to the unprocessed glass. This is due to
chemical alterations on the glass surface which are influenced by the thermal history,
external environment and in some cases intentional surface treatments like fire polishing,
sulphur and fluorine exposures [9]. High temperature during glass forming can lead to
/
segregation (diffusion) or volatilisation (depletion) of glass components at the surface.
William and Weyl [34] reported segregation ofmobile ions like those of sodium from the
bulk glass to the surface under the influence of surface tension i.e. enrichment of sodium
at the surface lowers the overall surface energy. But alkalis can also be depleted from the
surface due to thermal volatilisation and may do so under the driving force of lowering
the surface energy [35]. Depletion of sodium ions from surface occurs at a much higher
rate than their diffusion to the surface [36]. The hot, freshly formed glass surface can also
react with water and sulphur containing gases usually present in the factory environment
[35] to produce NaOH and Na2S04, which can be rinsed with water. Fire polishing of
11
glass surface results in. sodium evaporation. l\tus. the .surface becomes silica rich
compared to the bulk, and often has improved its durability.
Residual stress on t~e surface can also play important role in glass corrOSIOn.
Compressive stress makes the surface more durable than the tensile stress on a similar
surface [37-40].
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Chapter 3
3.1 Sample Treatments
Experimental Methods
Machine dishwashing: As mentioned before, we studied corrosion behavior of two high
quality consumer glass articles, viz., wineglasses and microscope glass slides. The as
received samples were fIrst analyzed for their surface composition and microstructure.
Any compositional and structural defects on the surface were identifIed. The samples
were then washed in a Zanussi Aquasave DWS-677 dishwashing machine at 65°C for up
to 100 cycles where each cycle was of ~ one hour of duration. Soft (deionized) or hard
water containing 2.5mM CaCh was used for rinsing and washing. The most salient
feature of the wash cycle was the 25 minute period during which the samples were
exposed to hot cleaning solution. This treatment solution was prepared by dissolving 2.0
giL sodium tripolyphosphate, 0-1.5 gIL sodium disilicate, and 2.8 gIL CAPS (3-
[Cyclohexylamino]-l-propanesulfonc acid = C6HllNH(CH2)3S03H) in distilled and
demineralized water. The purpose of these" components is to remove soil from the
glassware in a household situation and disperse it in the dishwashing solution, and to
complex residual water hardness to prevent deposits on the glassware or the dishwasher
surface [5]. The anionic, inert CAPS buffer was chosen specifIcally for its known lack of
specifIc interactions with glass [41] and was combined with NaOH to maintain a pH of
10.0 ± 0.1 at the treatment temperature. Sodium sulfate was also added in suffIcient
quantities to maintain a constant ionic strength of 0.15.
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The amount of sodi~ disilicate in the formulation was varied from 0 to J.5 gIL
to study its effect on the corrosion behavior of glasses. S6ft water treatment with solution
containing OgIL, 0.5gIL or l.5gIL sodium disilicate and hard. water with 0.2g1L and
O.5gIL sodiumdisilicate were used. These formulations are referred to as SO, S5, SIS, H2
and H5 where the S, H denote the use ofsoft and hard water, respectively and the number
(when divided by 10) indicates the sodium disilicate concentration in.the solution. All
solutions were buffered at pH 10 except the H2, which was buffered at pH 8.5. During
dishwashing in hard water, precautions were taken so that the minerals did not deposit op.
the glass surfaces. Care was taken to avoid mechanical abrasion ofthe glass surfaces.
HF etching: Microscope glass slides were soaked in aqueous HF solutions that
contained 1% HF + 2.5% H2S04, and 10% HF + 2.5% H2S04 for times varying from 1
minute to 2 hours.
Differential Etching Analysis: A Differential Etching Analysis technique was also used to
determine existence of small compositional differences on the glass surface that cannot
be determined from the standard Energy Dispersive Spectrometry (EDS) technique. It is
well established that the most effective etchant for a given glass depends strongly on the
chemical nature of the glass being etched [42]. So, regions of chemical variation on the
glass surface can be selectively etched or not etched, depending on the choice of solvent
[43]. Thus the chemical inhomogeneities are transformed into the variations of the
surface structure. Brock and Carter [30] have refined this technique, using as solvents 1%
hydrofluoric acid (HF) at 30°C or 48% fluoroboric acid (HBF4) saturated with boric acid
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at 70°C. HBF4 solution shows enhanced etching of regions enriched in Na20, CaO or
Ah03, leaving the area as a groove in the bulk glass surface. HF behaves similarly,
except that it .does not etch regions enriched·in Ah03 as fast as the deficient regions,
leaving them in relief as a ridge. Both acids etch silica-enriched glass more slowly thail
non-rich ones, so that these regions also appear as ridges [44].
Annealing: Standard microscope slides were annealed at annealing temperatures of 500 -
535°C for two hours and then cooled at 1°C/min. The slides were subsequently
analyzed' by Strainoptic Technologies, Inc (North Wales, PA) for measurement of the
mid-plane tension. Equilibrium requires that any surface tension or compression in a
sheet ofglass must be balanced by a negating compression or tension (respectively) in the
central plane of the sheet. Thus, a high mid-plane tension would be indicative of a large
surface compression. Measurement of as received slides gave an already low mid-plane
tension of 0.42 MPa. Annealed slides gave an average tension of 0.13 MPa, indicating
that the annealing process had been successful.
3.2 Characterization techniques:
3.2.1 Surface and bulk composition:
X-ray Photoelectron Spectroscopy (XPS): Surface and bulk compositions of the
glassware were determined by XPS, which is a very powerful technique to study surface
chemistry (composition as well as the chemical bonding states). The regions of interest in
wineglasses and glass slides were cut into samples - Icm2 in area. A high resolution
ESCA Scienta 300 spectrometer was used. This instrument uses monochromatic AI-Ka.
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x-rays of energy 1486.6 eV as the probe radiation. The photoelectrons emitted from the
surface are collected by an electrostatic lens system and their kinetic energy (EK) is
measured with a hemispherical analyzer..Their binding energy (EB) is then obtained using
EK=hv-EB-CP (3.1)
where hv is the energy of the x-rays, and cP is the work function of the spectrometer,
which depends on the surface barrier of the analyzer/detector, and can be estimated
through proper calibration.
The ESCA instrument was operated for survey scans over the entire binding
range as well as for the regional scans over the photoelectron peaks of interest. An energy
increment of 0.1 eV waS used for the regional scans. At this level of resolution the
instrumental contribution to the line width was extremely small «4%). Then the
experimental widths were primarily a combination of charging and natural line widths.
Number of scans was adjusted to give high signal to noise ratio.
Since silicate glass is an insulator, the glass surface exposed to the x-rays
becomes positively charged due to emission ofphotoelectrons. In order to compensate for
this charging effect, the sample surface was flooded with low energy electrons (~ 5 eV).
For this purpose, an electron flood gun supplied the electrons at an incidence angle of
45°. The energy of the electrons was chosen in such a way that the full width at half
maximum (FWHM) for the Si(2p) peak was minimum. Under these optimum conditions
the surface was at a slightly negative potential with respect to the ground. XPS data were
collected by the microcomputer and analyzed using the software provided by the
spectrometer manufacturer. A Shirley background was subtracted and a Voigt line shape,
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a mixture of Gaussian-Lorenzian, was used to analyze the spectra. The binding energy of
the spectral peaks, and their corresponding areas were determined using the software.
Bulk glass composition was also obtained using XPS. Glass samples of the
approximate size of 10mm x 5mm x 1mm were polished to give a flat surface for proper
clamping. They were then fractured in situ in the ultra high vacuum (UHV) preparation
chamber (base pressure on' the order of 10-9 Torr). This was done in order to avoid any
contamination layer on the fractured glass surface. After fracturing of the sample, XPS
data were obtained immediately from the pristine surface.
Energy Dispersive Spectroscopy (EDS): XPS gives an average composition of the sample
area of about 1.6 x 0.3 mm2• To determine the composition ofmicron size features on the
glass surface, EDS technique was used. The EDS detector in the scanning electron
microscope (SEM) JEOL 6300F was employed for the purpose. In the SEM sample
chamber, it captures x-rays that are emitted when highly focused electron beam impinge's
on the sample surface. The characteristic x-rays are used to determine the elemental
composition of the surface features. The x-ray analyzer was used in point, ~ine and area
(x-ray map) scan modes. Since compositional variations on the sample surface were very
small, qualitative x-ray maps. were found to be more useful than the other quantitative
modes. To avoid charging of the glass surface it was coated with a ~ 10 nm gold-
palladium conducting film. JEOL 6300F was also used to obtain secondary electron
images ofthe glass surface.
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Surface morphology:
Optical microscopy: The morphology of the glass sw'faces was studied using optical
microscopy. Since the wineglass surface was curved, it was difficult to get agood
focused optical microscope image at high magnification. This difficulty was overcome by
using a simple method to make replicas of the glass surfaces: a small section of cellulose
acetate film was dipped in methyl acetate anhydrous (99+%) and applied to the surface
area to be replicated [45]. Capillary action forced methyl acetate to ~ll the gap between
the film and the surface area being replicated. After the replica was dry, it was transferred
carefully on a microscope slide. An ~10 nm gold-palladium layer was then deposited (in
normal incidence) on the flat replicas to get a reflecting surface. The so-obtained replicas
were 'negatives' of the glass surface such that the elevations on the glass surface would
appear as indentations in the replicas, and vice versa.
Scanning Electron Microscopy (SEM): To obtain higher resolution and better depth of
field view of the surface, a JEOL 6300F Scanning Electron Microscope (SEM) was used.
Since glass is an insulator, it becomes charged when bombarded with electrons. To avoid
this charging, the glass surface was coated with an ~ 10nm thick gold-palladium
conducting layer. Electron beam of IkeV energy was used.
Atomic Force Microscopy (AFM): To study nanometer size features on glass surface,
atomic force microscope, Dimension 3000 from Digital Instruments was used. Schematic
diagram of the instrument is shown in fig. 3.1. AFM is well suited for non-conducting
samples and has been used by others to study glass surfaces [46-49]. The instrument uses
20
as probe a very sharp, single crystal silicon tip, which protrudes from underside of a
small flexible cantilever as shown in fig. 3.2. A laser beam reflects off the topside of the
cantilever onto asplit photodiode. Height variations on the sample surface deflect the
cantilever causing the position of the laser beam on the photodiode to change. Th~
differential voltage from the photodiode elements provides a sensitive measurement of
the cantilever deflection (surface height of the sample). The AFM scans the sample in a
raster pattern while outputting the cantilever deflection error signal to the control station.
Based on the cantilever deflection signal, the digital signal processor (DSP) in the
workstation controls the z-position of the piezoelectric tube scanner. The AFM operates
in either a "constant height" or a "constant force" mode.
The AFM tip can be operated in contact, non-contact or tapping mode. We used
the tapping mode because of its higher lateral resolution (1 nm to 5 nm), less damage to
the samples imaged in air and negligible lateral forces [50]. In this mode the AFM
operates by scanning the tip across the sample surface. The cantilever is oscillated at or
near its resonant frequency with amplitude ranging from 20 nm to 100 nm. The tip lightly
taps on the sample surface during scanning, contacting the surface at the bottom of its
swing. Constant oscillation amplitude is maintained by changing the vertical z-position of
the piezoelectric scanner. This z-position 3;t each (x, y) data point, is stored by the
computer to form the topographic image of the sample surface. By maintaining constant
oscillator amplitude, a constant tip-sample interaction is maintained during imaging. The
AFM images so obtained were analyzed using Digital Instruments software for feature
heights/depths and surface roughness calculations.
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Ellipsometry: Ellipsometry was performed with a Beaglehole Imaging Ellipsometer,
using a quartz halogen lamp and a CCD camera detector to obtain images of the
ellipsometry signal at up to a spatial resolution of 3 Jlm. A schematic diagram of an
ellipsometer is given in fig. 3.3. The angles of incidence and reflection were both set to
the Brewster angle, determined to be 57° for these systems. The analysis ofellipsometric
images presented below, although quantitative, is non-standard and requires further
explanation [51, 52]. The incident light on the surface from the source can be
characterized in terms of components parallel (P) and perpendicular (s) to the plane of
incidence. The ratio of the reflected light intensity polarized parallel to the plane of
incidence to the similarly polarized incident intensity defines the reflectivity rp • The
reflectivity rs referring to the perpendicular components is similarly defined. In general, a
phase shift will be induced between the reflected components so that the reflected light is
elliptically polarized. In this case, rp and rs are complex quantities, as is their ratio r = rp I
rs = Re(r) + i Im(r). In the phase modulated ellipsometry, the measured parameters, x
andy, can be related to Re(r) and Im(r) as follows:
x = Re(r) [2 I (1 + Re(rl + Im(rl)]
y = Im(r) [2 I ( 1+ Re(rl + Im(rl)] (3.2)
It will be seen that x is closely related to Re(r) and y to Im(r). In the more conventional
applications of ellipsometry, the surface offwhich the light is reflected would be smooth
but would consist of a thin surface layer whose dielectric properties differ relative to
those of the underlying layer. In such a case, the ellipticity would be proportional to til..,
where A is the wavelength of light and t is the thickness of the surface layer. When the
surface is roughened by corrosion, as in the present case, ellipticity results as well, but the
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reason is that the angle of incidence is varying from point-to-point on the rough surface.
We have attempted no detai1(id analysis of this measured ellipticity, except to note that it
shows up most strongly as sharp discontinuities in x due to surface roughness. Sequential
x images and the corresponding profiles (along a horizontal trace) for a 450 Jlm wide
region ofmicroscope slide samples were obtained.
Interferometry: Some samples were also studied using the interferometry technique. This
was performed using a Wyko NTlOOO 01eeco Metrology Group) instrument operated in
the phase-shifting interferometry (pSI) mode with the Wyko Vision32 software.
Weight loss:
Weight losses occurring on samples during the treatment protocol were followed
using a PR-2004 Comparator Balance (Mettler Toledeo). In the comparator mode, mass
detennination was always referenced against a standard wineglass and microscope slide,
which were kept protected agamst dust, condensation, or temperature variations.
Samples to be measured were first equilibrated overnight with the standard in order to
reduce· systematic variations. Weight loss data on individual slides were converted to
equivalent decrease in thickness, per side, using the relation
11 thickness = !h 11m / A P (3.3)
where A is the cross sectional area of the slide, p is the glass density (2.488 g cm-3), and
11m is the mass change.
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Glass tube coating with Ti02 film and its subsequent blowing: We proposed a model on
how compositional heterogeneities are created on the glass surface due to its interaction
with the atmosphere and the subsequent blowing process during the press and blow.
tecluiique widely used in manufacturing glassware. The details of this model are
presented in chapter 5. An experiment was performed to demonstrate the validity of this
model. The glass tube surface was first cast with a TiOz film that appeared optically
distinguishable from glass, and then was blown to study how the surface film evolves
after blowing. For this purpose TiC4 was used which reacts with the moisture in air to
produce very fine TiOz particles and HCI g~s in the form of white fumes. A schematic
representation of the experiment is shown in fig. 3.4. A controlled stream of TiOzmicro
size particles was produced by bubbling He gas in TiC4. This stream was then directed
towards the hot closed end of a (soda-lime silicate) glass tube heated by a flame. The
glass tube was continuously rotated to ensure uniformity of the TiOz film on the glass
surface. The TiOz deposited end of the glass tube was reheated again to the working
temperature after which air was blown from the open end of the tube. The blown glass
was then cooled, and studied for the TiOzfilm morphology.
In this experiment we were not concerned about the microstructure, impurities, of
the TiOz film except that it was not crystalline but amorphous in nature, which adhered
onto the glass surface very well. This would ensure even cracking of the surface, which
was not influenced by the crystallinity of the film. To ensure deposition of an amorphous
film the glass substrate temperature was maintained low during deposition. The x-ray
diffraction studies were done to ensure that the film was indeed amorphous.
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Cbapter4· Results·
In this chapter, we first present surface morphology, composition and weight loss
results for the as-received and treated wineglass glassware. We then continue with results
for as received, treated and annealedmicroscope slides.
4.1 Wineglasses:
4.1.1 Suiface morphology:
The as received glassware appeared clear and transparent to the unaided eye. We
first investigated its surface microstructure for identification of any inhomogeneities. The
bowl surface was in particular studied in detail. Most of the surface was smooth and
without any defects. However, the outer surface near the center of the glass bowl
contained grooves/scratches of sub micron size as shown in optical replica and SEM
micrographs of fig. 4.1. Optical and SEM micrographs shown refer to different regions in
the center surface. One carl notice the alignment of these features in one direction, which
lies along the circumference of the glass bowl. Existence of these surface defects even
before washing suggests that they were created during the manufacturing process (Since
the articles were handled with care, any mechanical abrasion during handling is ruled
out). Their origin will be discussed in detail later. No such surface features were found on
the rim or anywhere on the inner surface of the unwashed wineglasses.
To investigate how the above-mentioned surface defects and glass surface in
general, evolve with washing, the glassware were washed for up to 100 cycles in
solutions SO, S5, SIS, H2 and H5. The samples that were washed in H2 and H5 using
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hard water remained clear and transparent, like the unwashed glasses. The wineglasses
washed in SO (which did not contain any sodium disllicate) also did not show·any signs
of visible degradation. However, the samples washed· in soft water with disilicate
containing S5 and SIS solutions, appeared visibly corroded.. The most obvious changes
occurred on the wineglass bowl surface. Only the outer surfaces ofbowls were degraded.
The inside surfaces of all the washed wineglasses remained clear. Two kinds of visible
degradation of the outer glass surface were noticed: a cloudy ring at the center and bluing
near the rim. The outer surface in the central region of the glass bowl acquired a nearly
symmetric, ring shaped milky or white appearance along the circumference. The cloudy
ring appeared exactly where the scratches/grooves were found when the sample was
unwashed. The surface near the rim appeared tinged mainly with blue but reflected other
colors too. The 815 treated sample experienced more bluing and less cloudy ring than the
S5 treated sample. Table 1 summarizes these physical characteristics of the bowl region
after 100 cycles in the SO, S5, SIS, H2 and H5 solutions. Fig. 4.2 shows an S5-treated
sample, which experienced the most visible degradation. One can clearly notice the
characteristic cloudy ring. If studied closely (refer to the inset), the cloudy ring is not
uniform but consists of transparent lines and spots within the white regions, which are
aligned parallel to the glass axis.
Cloudy Ring:
Since .the S5-treated sample experienced visible degradation the most, we study
its surface microstructure in detail. The main areas of interest are the rim and the center
regions of the outer surface of the glassware bowl, which develop respective bluing and
i
cloudy ring after washing. Replica micrograph in fig. 4.3a shows the cloudy ring surface
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under high magnification. One can notice two kinds of features on the surface, (i) dark
regions which consist offine lines (e.g. in the top left comer of the micrograph), and (ii)
light regions in the form of lines and spots of higher·dimensions. The dark regions in the
micrograph represent rough, corroded surface, which scatter optical light strongly
whereas the light regions represent smooth, transparent surface, which does not scatter
light. Under SEM, these regions· appear as shown in fig. 4.3b. Notice that the corroded
region is in the form of lines that are mostly aligned in one direction, which is along the
circumference of the glass bowl. They correspond to the scratches/grooves found in the
unwashed samples, which evolve to become corrosion lines after washing. This will be
discussed in the next chapter in detail. SEM image in fig. 4.4 shows corrosion lines ofthe
cloudy ring at a higher magnification. It suggests that they ~ pitted and depressed
regions on the glass surface. The glass dissolution takes place preferentially along these
lines.
As mentioned before, the cloudy ring contains transparent and smooth lines and
spots, which appear as light regions on the replica micrograph of fig. 4.3a. Fig. 4.5(a, b)
shows that these lines are highly parallel to each other and lie in the direction of the
glassware height axis. They remain unaffected by the surrounding corroded regions. The
line/spots vary in size from a few !lm to rom (in width) so that some of them are large
enough to be seen with the unaided eye (refer to fig. 4.2). A typical micron-wide line (a)
and spot (b) are shown among the corroded region in SEM images of fig; 4.6 (a, b).
These features are elevated regions on the washed glass surface. They have a very
smooth surface in contrast to the highly rough surrounding regions. These observations
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suggest that while the surrounding regions dissolve, these features experience negligible
dissolution and thus appear elevated with respect to the rest of the glass.
Iridescent rim:
The rim region of the S5 treated sample does not show any noticeable visible·(or
microscopic) degradation, even after 50 washing cycles. However, after 100 cycles, it
develops bluing and iridescence as shown in fig. 4.7. The surface refracts light with
several colors including blue, yellow, brown etc. It seems to have acquired a thin film
(appears gray in the replica micrograph), which has a refractive index different from the
original glass. Like the cloudy ring, the iridescent film is also not uniform but contains
isolated transparent spots and lines that are mostly aligned parallel to the glass axis.
4.1.2 Weight loss:
Since the surface morphology of washed samples indicates corrosion in the form
of glass dissolution, the glassware should experience a weight loss after washing. So, the
sample weight was monitored as a function of corrosion time for the samples treated in
SO, S5, S15 and H5 solutions up to 100 washing cycles. In general, weight ofthe samples
washed using soft water decreased with increasing corrosion time. Fig. 4.8 shows the
percentage weight loss for such samples. Each data point represents an average of
measurements made on two glasses washed simultaneously using the indicated solution
formulation for the given number of wash cycles. The size of the symbols in the plot
indicates the experimental uncertainty in the data. Among the soft water treated samples,
weight ·loss was highest for samples washed in the SO solution that did not contain any
sodium disilicate, whereas it was the lowest for the SIS-treated samples (highest amount
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of disilicate). The S5 treated samples, which showed the most intense visible degradation
experienced medium weight loss. The samples washed in H5 solution using hard water
did not experience any weight loss.
4.1.3 Surface Composition:
We now give results for the compositional. changes on the glass surface as a result of
corrosion treatment. The "bulk" composition of the glassware was obtained by fracturing
the samples in situ inside the ultra high vacuum chamber of the XPS instrument, and then
by acquiring the spectra of the fractured surface immediately thereafter. The main
elements found in bulk glass were sodium, calcium, silicon and oxygen. Their atomic
percentage was calculated from the area of Si(2p), 0(1s), Na(ls), and Ca(2p) core level
photoelectron peaks shown in fig. 4.9 (a-d). All elemental atomic percentages were
normalized to that of silicon as shown in Table 2. The binding energies ofall peaks were
referenced to that of the Si(2p) peak at 103.5eV [53]. The "bulk" composition of the
wineglass was determined to be 13.3NazO, 11.6CaO, 73.9SiOz(in mole %) With minor
components < 0.55 mole % (Ah03, MgO, S03, TiOz, FeZ03, KzO). This agrees well with
that measured by the manufacturer using X-ray fluorescence (Table 2).
The O(1s) peak in silicate glasses consists of two components arising from the
bridging oxygen (BO) (=Si-O-Si=) and non-bridging oxygen (NBO) (=Si-O-Na (or Ca))
[54-56] as shown in fig. 4.9(b). A bridging oxygen atom connects two silicon atom"s
whereas a non-bridging oxygen is attached. to a silicon atom on one side and a modifier
ion on the other [57]. The binding energy difference between BO and NBO was found to
be 1.98 eV of energy, which agrees very well with the earlier studies [56].
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The quantity f(NBO) in Table 2 gives the fraction of NBO out of total oxygen.
This can be calculatedusing the formula
NBO 2(x+ y)
----= ..,--;-~
BO+NBO 2z+x+y
(3.4)
The quantity x represents the total mole percentage of the monovalent cations (e.g. Na20,
K20) which form the NBO minus those of the trivalent cations (e.g. Ah03, Fe203) which
change NBO to BO. The quantity y denotes the total mole percentage of the divalent
cations that form two NBO's each, and z represents the mole percentage of Si02 present
in the glass. The f(NBO) calculated from the composition provided by the manufacturer
and that obtained from the curve-fitting results of the oxygen peak O(ls), were found to
be in agreement. This confirmed the validity of our analysis and experimental technique.
As received and washed wineglass samples were also analyzed by XPS for their
surface chemistry. Four kinds of XPS studies were performed: (i) comparison of surface
composition of rim, center and inner regions of the unwashed glassware (ii) change in
surface composition as a result of washing the glass samples in SO, S5, S15, H2 and H5
(iii) evolution of surface composition with corrosion time and (iv) surface composition
variation along the bowl height of the most degraded S5 treated sample. Since the inner
surfaces showed no visible corrosion after washing, the above results are given only for
the outer surfaces ofthe wineglasses.
We first compare surface composition of the rim and center regions of the outer
surface and center inner surface of the unwashed wineglass bowl to determine any trend
that makes the center vulnerable to corrosion. These results are presented in Table 3.
Firstly it should be noted that surface composition of the unwashed glass is found to be
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very different from that of the bulk given in Table 2. The sodium and calcium
concentrations on the unwashed and washed glass surfaces are less than that are found in
the bulk glass. The surface composition of the rim is slightly different from that ofthe
center region in the unwashed glassware; the central region contains less calcium and
lacks aluminum (that are required to make the glass chemically durable [6-10]). The
central region contains approximately same amount of sodium as the rim region. The
differences in surface chemistry of the rim and center regions are reflected clearly in the
O(1s) peaks shown in fig. 4.10 for the bulk glass, rim and center surfaces of an unwashed
sample. Since the peaks are normalized to that of the BO, this figure gives changes in
f(NBO). There is considerable reduction in the NBOs from the bulk to the surface, mor~
so in the center surface than in the rim. This indicates that the center surface is more
reactive to the environment than the rim surface.
Table 3 also gives surface composition results for the samples washed in SO, S5
and S15 solutions. The S5 and S15 treated samples lost calcium on the surface, but SO
treated sample maintained its concentration even after washing. The surfaces of S5 and
S15samples showed aluminum enrichment (much more than what was present in the
original glass) whereas SO did not. The central region that developed cloudy ring· always
experienced more alkali leaching and less aluminum enrichment than the rim regions for
all washed samples. The most corroded cloudy region of the 85 washed sample had the
least amount of sodium on the surface, i.e., the highest alkali leaching. This is also
supported by the O(ls) peak shapes presented in fig.4.1l. Fig. a and b give results for the
rim and center regions respectively. Both figures show that composition of the SO washed
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glass surface is closest to that ofthe unwashed. S5 suffers the maximum degradation with
maximum loss ofNBOs due to leaching.
Second part of Table 3 gives surface composition of the samples washed in
disilicate containing H2 and H5 solutions using hard water (2.5 mM eaCh). The sodium
concentration for H2-washed glass did not change in the rim region while it decreased in
the central region suggesting more leaching there. Unlike the soft water washed samples,
hard water washed samples retained calcium after washing. In fact the calcium
concentration on the surface increased after washing. Unlike soft water washed samples,
no aluminum enrichment occurred after hard water treatment in H2 and H5. However, we
noticed zinc on the glass surface after washing. We.speculate that it was deposited on the
surface from the impurities in hard water. Fig. 4.12 (a, b) gives O(1s) peak shapes for the
rim (a) and center (b) surface for hard water washed samples. The surface chemistry
develops in a very different way from that ofthe soft water washed glasses (fig. 4.11).
Maximum loss of modifier ions and the most visible degradation occurs on the
surface of glasses washed in S5. It is thus useful to study the progression of corrosion
under such environment. The surface composition evaluation for the rim and cloudy ring
after for a (unwashed), 50 and 100 washing cycles using S5 is given in Table 4. The
results show that as the glassware is washed, the calcium concentration on the surface
decreases, ultimately becoming too low to be detected. The aluminum concentration
increases with corrosion time such that the rim region always contains more aluminum
than the cloudy ring. Although the sodium ions leach out of the glass during repeated
washing, Table 4 indicates a very slight increase in their concentration after 50 cycles
(still significantly less than that in the bulk (Table 2)). However, after 100 cycles, the
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amount of sodium on the surface decreases considerably, especially in the center region.
The O/Si ratio is found to be higher in the rim region than in the milky region of the
. washed glasses. Fig. 4.13 (a, b) give changes in O(ls) peak with increase in corrosion
time. Fraction ofNBO decreases with increase in corrosion time for rim as well as for the
center regions.
Table 5 compares the surface composition along the height of the most corroded
glass bowl after 100 washing cycles in S5 solution. As we move down from the rim i.e.
towards the bottom of the glass bowl, the sodium and aluminum concentrations decrease.
The cloudy ring has the least amount of sodium and aluminum. The O/Si ratio also
decreases as the surface becomes cloudy.
4.2 Microscope glass slides:
4.2.1 Surface morphology and weight loss:
One of the highest quality glass articles like the glass slides are also found not to be free
from the surface defects. Seemingly optically flat, clear and transparent untreated glass
slides when studied under AFM show elevated straight line like feature that we refer to as
"ridges". These ridges run parallel to the length of the slide for tens of microns. They are
tens of nm in width and a few nm in height. An AFM image of a typical nanometer-high
ridge found on an as-received sample is shown in fig. 4.14. Only a few ridges are present
on a single untreated slide surface. The ridge dimensions can vary slightly but typically
are ofthe dimensions as that shown in the figure.
When the slides are washed in model dishwashing solutions or etched in aqueous
HF solution, these ridges become amplified and new ridges appear on the surface. They
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extend along the entire length of the glass slide and remain highly parallel to each other.
Such parallel behavior of the ridges is exhibited in fig. 4.15, which shows an AFM image
of a glass sample treated for 30 washing cycles in the S5 solution. Ridges can ~ar as
"singlets" (middle ridge of the figure), "doublets" (left and right ridges of the figure) or
even "triplets".
As the glass slides are exposed to an increasing number of washing cycles in the
most corrosive S5 solution, height of ridges with respect to the base glass increases, and
they become visible with the unaided eye with a typical spacing of about 0.5/mm. Ridges
on a single glass slide vary in height and width as can be noticed from the AFM image
shown in fig. 4.15. To obtain an overall impression of the ridge evolution with the
corrosion treatment, ridge height is averaged for a large number of the highest, most
prominent ridges on a glass slide washed for a given number of cycles. Fig. 4.16 shows a
plot of this average ridge height against the number of washing cycles in S5 solution.
Average ridge height does not grow linearly with corrosion time.
Glass slides are observed to lose weight after washing. This weight loss can be
used to calculate thickness loss from one face of the slide from formula (3.3). Fig. 4.16
also represents this thickness loss plotted against the number of washing cycles. This
figure can be used to compare increase in average ridge height with thickness loss from
one face of the slide. Clearly there is a direct correlation between increase in the ridge
height and the weight loss from glass dissolution. The whole glass surface dissolves as it
is washed. The observation that the ridge height increases but remains smaller than the
thickness loss, indicates that the rate of dissolution of the ridge region is lower than that
of the rest of the glass. Ridges are chemically more dUrable than the rest of the glass.
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In the above paragraph, we presented ridge height data, which were averaged over
many ridges on a sample. To study how a particular ridge evolves with washing in the
most corrosive environment of the S5 solution, a series of as-received microscope slides
was screened via imaging ellipsometry and AFM. The earliest evidence of the existence
ofa ridge was identified and documented on five slides designated as M5, M7, M9, M16,
and M17. The mass of the individual slides was also determined. The slides were then
washed repeatedly with the treatment being interrupted at intervals so that the same
ridges could be reanalyzed. The ridges were studied by AFM after 3, 10,30, 76, and 100
washes, so that a progressive picture of the ridge evolution could be obtained. The
change in the mass of the slides was determined at the same intervals and used to
calculate their thiclmess loss from formula (3.3). As shown in Fig. 4.17, the thickness
loss from each side of all the slides follows the same, approximately linear trend. On
average, approximately 4 nm of glass dissolves per wash cycle under the current
conditions. AFM imaging of the respective. ridge regions on the slides showed the
distinct "growth" of the ridges, starting out at few nm in height and then evolving as in
Fig. 4.18 - which shows a representative progression occurring in a given region of slide
M17. As before, the growth of the ridges can be partly explained by the simple
dissolution of the surrounding glass. Figure 4.17 also compares the thiclmess loss data
for siideM17 with the AFM derived ridge height. Ridge height growth parallels
thiclmess loss, but always lags slightly behind. A similar coriclusion was reached for the
results averaged over many ridges on many slides (fig. 4.16). So, the same ridge on the
same slide shows an equivalent overall trend. The ridge region also dissolves, but at a
much slower rate than the surrounding glass. Further, the ridge dissolution rate could
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easily vary from one ridge to the other if their composition differed even slightly. If the
ridges did not dissolve at all, then thickness loss and ridge height would be the same.
It is apparent that the thickness data shown in Fig. 4.17 from slide M7, in which
the AFM derived ridge height deviates strongly from the thickness loss at high number of
wash cycles, and even seem to shrink with further treatment, require a further
explanation. Careful analysis of the AFM images has allowed the determination of the
widths of the ridges, typically on the order of 1 micron. Fig. 4.19 shows how the ridge
width varied during the course of the treatment. The distinct impression given by this
figure is that the ridge width initially increases with treatment, reaches a maximum, and
then· begins to decline. A further indication of what might be going on in the system
comes from the AFM images of slide M7 through 100 washes. These images (Fig. 4.20)
show the eventual disappearance or removal of the ridge over a portion of its length.
These results give an indication of the shape of the ridges as cylindrical. This will be
discussed in detail in the next chapter.
We also treated glass slides with SO and S15 cleaning solutions to study whether
the disilicate concentration affects their corrosion in a similar way as in the wineglasses.
The glass slides were washed for 40 hours in simulated machine dishwashing. Most
prominent and highest ridges on each treated slide were studied using AFM. An average
ridge height was obtained for five ridges. In fig. 4.21 we show this average ridge height
for SO, S5 and S15 treated slides. We notice that the ridge height for SO treated sample is
maximum while that for 85 is minimum. Since glass dissolution is highest for the sample
treated with the zero disilicate SO solution Gust like in the wineglasses), ridges grow in
relief faster than in the S5 and S15 treated slides. Though dissolution is minimum for
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high disilicate SIS solution, ridge height is not minimum. A close study of the SIS
treated samples indicates that there is present a film on the glass surface. It is deposited
due to high concentration of sodium disilicate in the solution [5]. This film as seen from
fig. 4.22 grows preferentially from the ridge region, and increases ridge height to some
extent. Thus the ridges develop faster for SIS than for S5 washed slides in spite of lower
glass dissolution rate.
The treatment of slides via exposure to aqueous HF solution shows similar
corrosion behavior as in the dishwashing case except that the ridges become prone to the
aggressive HF after a short time, and start dissolving with a rate comparable to the rest of
the glass. Fig. 4.23 shows AFM images for 8 min, 30 min and 60 min HF etched samples.
The 8 min HF etched slide has a smooth ridge surface whereas the 30 min HF etched
slide shows slightly pitted ridge surface. The 60 min HF etched slide shows highly pitted
rough surface. Ridges can also be removed totally from their site after a thickness loss of
order of~ Ilm. AFM image of a region showing a "peeled" offridge from its site is given
in fig. 4.24 for Ihr HF etched slide. This usually happens at long etching times.
It is also useful to study how thickness loss compares with the ridge height
increase for the HF etched samples. Figure 4.25 represents average ridge height and
thickness loss data from about 20 ridges on a dozen microscope slides etched for varying
times in 1%HF solution. It shows that the ridge height is about 40% of the thickness loss
for etch time of up to about 5 min. (fig. 4.25 a) - presumably reflective of a
correspondingly slower dissolution rate of the ridge relative to the matrix. However, at
longer etching times, as shown in Figure 4.25 b, the thickness loss continues to increase
linearly, while the average peak height reaches a maximum and settles down to a plateau
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value of about 150 nm. If it is recalled that these ridge heights are average values taken
over many ridges on several slides, this trend is seen to be consistent with what would be
expected of ridges being uncovered during etching. Obviousl,y, several microns of glass
have been removed after 60 minutes of etching and all of the ridges originally located at
the glass surface must have been released into the etchant and ultimately dissolved.
However, if the ridges are present randomly throughout the glass cross-section (all
oriented parallel to those at the surface), then they will also become exposed, in turn, as
the matrix glass above them is removed. At any given time, an approximately constant
population ofridges will be exposed with an average relief, which should not vary greatly
with etched depth.
We also monitored variation in surface roughness with HF etching time. Fig. 4.26
gives glass surface morphology of the samples etched for different etching times. The
AFM images are then used to calculate root mean square (rms) roughness of the glass
surface. Fig. 4.27 shows such rms roughness plotted against HF etching time, which first
increases rapidly and then plateaus at - 17 nm. This roughness cannot scatter light
strongly enough to cause whitening of the glass surface. But, ofcourse, ridges due to
their higher dimensions are visible to the unaided eye.
Annealed Slides - To understand whether the ridges originate due to surface stress, as-
received microscope slides were annealed to eliminate any residual surface stress
present. They were then exposed to corrosion treatment and studied by imaging
ellipsometry. The average periodicity of the ridges, which formed on the annealed slides
was 400 ± 100 Jlm per ridge. In a parallel control study with un-annealed slides, a
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periodicity of500 ±100 J.lm per ridge was observed, suggesting no difference in the ridge
frequency between the two sets of glass samples. No changes in ridge heights were
noticed as a result of annealing. If ridges originated due to the residual stress, ridge
heights should have decreased after annealing.
Differential Etching-Analysis (DEA) -For ease of comparison, microscope slides were
cut in two, with one half being etched in HF and the other half etched in HBF4. The
etching times were controlled to give comparable mass loss from each slide; The times
were exactly those originally proposed by Brock and Carter [30], 5 minutes for HF and
30 minutes for HBF4 and resulted in the removal of 0.5 J.lm of glass. Upon matching up
of the cut slides and viewing with the Imaging Ellipsometer, ridges were readily apparent
on the HF etched half but not on the HBF4etched portion. The result was clearest when
studied via interferometry. Figure 4.28 shows images of the HF (4.28 a) and HBF4 (4.28
b) etched slide, in which it is clear that HF etching left a ridge while HBF4 etching
undoubtedly left a groove. Use ofthe qualitative analysis as outlined in the third chapter
indicates that the ridges are enriched in Alz03 (alumina). Ridges are thus compositional
heterogeneities in the glass matrix.
4.2.2 Surface composition:
The XPS studies of the bulk glass showed that the slides were made of soda-lime
silicate glass of composition 13.4Na20: 6.6CaO: 6.3MgO: 73.1Si02 (and - 0.6 mole %
of A1203). Incorporation of magnesium along with calcium makes glass more durable
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than the calcium containing glass. This is because of the high bond strength between
NBO and magnesium ions due to their smaller ionic radius, and the mixed alkaline earth
effect [28]. The above composition thus makes glass slides more corrosion resistant than
the wineglasses.
To investigate whether there exist any compositional differences between the
ridge and the surrounding "plateau" regions, x-ray composition maps of the samples were
obtained. The ridges in as-received samples could not be detected in the SEM owing to
their small size and due to Au-Pd film on the surface. So compositional maps could not
be obtained. However, after washing, the ridge size increased and they could be detected
in the SEM easily, and x-ray compositional maps could be obtained. One such x-ray map
of a, glass sample washed in the S5 solution for 50 runs is shown in fig. 4.29. It shows the
distribution ofNa, Ca, Si, 0, AI and Mg on the sample surface, the darker a region is in
the x-ray map the higher the concentration <?f that particular element. The x-ray map
'.
shows an enrichment of sodium, magnesium, aluminum and oxygen in the ridge region in
comparison to the rest of the glass. Aluminum enrichment of the ridges is consistent with
the DEA results. Calcium is distributed uniformly throughout the region. An increase in
the level of modifiers like sodium and magnesium in the ridge region reduces the molar
volume of oxygen ions [58]. As a result, the number of moles of oxygen per unit volume
increases in the ridge region, as demonstrated by the enhancement of the oxygen signal.
Enrichment of modifiers in the ridge region also reflects durable nature of the ridges
since they represent low modifier leaching regions.
Since disilicate solutions contain some aluminum impurities, one may argue that
the latter are preferentially deposited on the ridge region. To confirm that aluminum
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enrichment of ridges was not due to the impurities but from glass itself, we washed glass
slides in silicic acid/NaOH solution, which was free of the above impurities. Fig. 4.30
shows an x-ray map of a ridge region in such treated slide. Notice aluminum enrichment
of the ridge region. This proves that aluminum enrichment does not result due to
impurities.
Fig. 4.31 presents an x-ray map of an HF etched slide showing the ridge region.
TheHF-etched glass slide also shows similar characteristics except that there is no
detectable .enrichment of aluminum in the ridge region. This result may represent that (i)
washing process enhances the aluminum enrichment of ridges with respect to the rest of
the glass and/or (ii) aluminum difference is too low to be detected. Some ridges have high
concentration of aluminum than others. This is why some ridges grow higher than the
others in the same slide.
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(a) (b)
Fig. 4.1: Replica (a) and SEM (b) images ofthe visibly clear, center region ofthe outer·
surface of an unwashed wineglass showing grooves/scratches.
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Fig. 4.2: A wineglass washed for 100 cycles in 87 solution, showing the characteristic
cloudy ring.
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Corroded fine
black lines
Transparent
smooth lines
and spot
Fig. 4.3 a: Replica image showing the elevated clear (light) lines and spots in the milky
(dark) region ofthe wine glass washed for 100 cycles in 87 solution.
ansparent
smooth spot
Fig. 4. 3b: 8EM image showing a Smooth (dark) spot and white corroded lines in the
cloudy ring area of the wineglass washed for 100 cycles in 87 solution. Notice the
alignment ofmost ofthe corroded lines in one direction. The bar at the lower right comer
represents 10 Jlm.
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Corrosion
lines
Fig. 4.4: SEM image ofthe corroded region showing glass dissolution along a preferred
track or channel.
48
(a)
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Fig. 4.5 (a, b): Cloudy ring region showing clear lines that run parallel to each other
(Magnification =57X) .
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Fig. 4.6(a, b): SEM images showing elevated, smooth surfaces ofa line and spots among
highly corroded glass surface.
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glass surface
Fig. 4.7: Replica image showing an iridescent film (upper gray) on the rim area of the 87
treated wineglass.
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Iridescent
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glass surface
Fig. 4.7: Replica image showing an iridescent film (upper gray) on the rim area of the 87
treated wineglass.
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Figure 4.8. Fractional weight percent loss ofwineglasses as they are washed for
increasing number of cycles in 80, 87, 815 and H5 solutions.
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Fig. 4.10: O(ls) peaks for 1: Bulk, 2: rim, 3: center regions of the unwashed glassware
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Fig. 4.11: 0(1s) peak results for (a) Rim region and (b) Center region for 1: Unwashed,
2: SO, 3: SIS, 4: S5 treated samples
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Fig. 4.12: O(ls) peak results for (a) Itim region and (b) Center region for 1: Unwashed, 2:
H2, 3: H5 treated samples
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Fig. 4.13: Change in O(ls) peak with increasing washing cycles in 85 solution for (a) rim
(b) center regions.
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Fig. 4.14: AFM image ofa ridge on an unwashed microscope slide
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Fig. 4.15: AFM image ofa glass slide treated for 30 washing cycles showing
parallel singlet and doublet ridges.
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Fig. 4.17: Thickness ofglass lost from each side ofmicroscope slides, and ~he growth of
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Fig. 4.18: Sequential AFM image ofa 3 x 3 /lm2 region on slide M17 over the
course of treatment. The scale indicating the relief ofthe ridge region varies as
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Fig. 4.19: Ridge widths for the studied regions over the course oftreatment. Key to
symbols: ridge on slide M5, diamond symbols; ridge on slide M7, square symbols; ridge
on slide M16, triangle symbols; ridge on slide M17, cross symbols.
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Fig. 4.20: Sequential AFM image ofa 3 x 3 /lm2 region on slide M7 over the course of
treatment. The scale indicating the relief ofthe ridge region varies as shown.
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·Fig. 4.21:·Evolution ofridge heights for samples treated in SO, S5 and SIS solutions for
40 hrs.
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Fig. 4.22: AFM image ofthe ridge region in a 815 treated sample, showing evolution of
. ftlm from the ridge.
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HF etched: 8 min
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HF etched: 60 min
Fig. 4.23: AFM images ofglass slides showing ridge evolution in samples etched in HF
for different times
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Fig. 4.24: AFM image ofa peeled offridge ina sample etched in HF for 1hour.
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Fig. 4.25: Average thickness of glass lost (square symbols) and ridge height (circle
symbols) on microscope slides etched for varying (a) short and (b) long times in 1% HF,
2.5% HZS04.
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Fig. 4.26: Change in surface morphology ofthe glass slide with increasing etching time
in l%HF
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Fig. 4.27: Variation in rms roughness ofglass surface with increasing etching time in 1%
HF
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Fig. 4.28(a, b): Interferometric images at 2.5 X magnification ofmicroscope slides etched
(a) 5 minutes in 1% HF or (b) 30 minutes in 45% HBF4. 500 nm ofglass was removed in
each case.
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Fig. 4.29: X-ray map ofa glass slide washed in the 85 solution (each box size is - 3x3
Jlm2)
Fig. 4.30: X-ray map ofa glass slide washed in silicic/NaOH solution showing aluminum
rich ridge (each box size is - 3x3 Jlm2)
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Fig. 4.31: X-ray map ofanHF etched slide
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Table 1: Physical appearance ofthe wineglasses after 100 cycles in detergent solutions
with varying disilicate concentration. .
Sodium Disilicate level (WI) Physical appearance
Center region Rim region
Soft water
0 (SO) Clear Clear
0.5 (S5) Cloudy ring (intense) Bluing (light)
1.5 (SIS) Cloudy ring (light) Bluing
Hard Water:
0.2 (pH 8.5) (H2) clear clear
0.5 (H5) clear clear
Table 2: Bulk Composition ofthe wineglass determined by chemical analysis and XPS
(±3%).
Element Chemical analysis XPS analysis
O/Si 2.38 2.35
Na/Si 0.36 0.35
Ca/Si 0.16 0.15
AlISi 0.02 Not detected
Si 25.5 (at%) 26 (at%)
f(NBO) 0.28 0.26
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Table 3: Glass surface composition after washing in solution with varying disilicate
concentration (±3%).
A1/Si for Soft water &
Wash Liquors NalSi Ca/Si Zn/Si for Hard water O/Si Si (at%)
Rim Region
Unwashed 0.15 0.07 0.01 1.88 32.2
80 0.25 0.08 - 2.44 26.6 .
85 0.13 - 0.16 2.61 25.6
815 0.18 - 0.15 2.58 25.5
H2 0.15 0.12 0.11 2.67 24.7
H5 0.05 0.17 0.07 2.39 27.2
Central region
Unwashed 0.13 0.05 - 2.14 30.1
80 0.11 0.06 - 2.16 30.1
85 0.09 - 0.07 2.25 29.3
815 0.11 - .0.11 2.45 27.2
H2 0.06 0.09 0.13 2.60 25.8
H5 0.10 0.07 0.09 2.35 27.8
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Table 4: Variation ofthe swface composition in the rim and center regions ofthe 85
treated wineglass with corrosion time (±3%).
Rim Region
No of cycles NalSi CalSi Al/Si O/Si Si (at%)
0 0.15 0.07 0.01 1.88 32.2
50 0.20 0 0.13 2.56 25.7
100 0.13 0 0.16 2.61 25.6
Center Region
No of cycles NalSi CalSi Al/Si O/Si Si(at%)
0 0.13 0.05 - 2.14 30.1
50 0.20 0.03 0.05 2.28 28.1
100 0.09 0 0.07 2.25 29.3
Table 5: Variation ofsurface composition along height ofthe wineglass bowl washed for
100 cycles in 85 solution (±3%).
Region NalSi AIlSi O/Si Si (at%)
Rim 0.17 0.17 2.59 25.4
Near rim 0.13 0.16 2.61 25.6
Center 0.12 0.14 2.59 26.0
Cloudy 0.09 0.07 2.25 29.3
Lowest region 0.11 0.06 2.18 29.9
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Chapter 5 Discussion
Results presented in the previous chapter indicate that the consumer glass articles
ranging from the household glassware to the highest quality microscope slides are not
free from surface defects. The defects are of sub-micron size, mostly on the nanometer
scale so that they remain undetected by the unaided eye, and thus the glass articles appear
transparent and specular. These defects are found to be responsible for visible
degradation of the glass articles after their exposure to certain environments. In this
chapter we combine structural, compositional and weight loss results presented in the last
chapter for wineglasses and microscope slides, and try to understand the corrosion
behavior of surface defects and glass surface in general. This study is then used to
determine possible ways to minimize visible degradation. Origin of the surface defects
will also be explored. Since the defects and their corrosion behavior are different in
wineglasses and slides, we will discuss them separately.
5.1 Wineglasses:
Although visibly clear and transparent, the unwashed glassware contains. sub-
micron size scratches/grooves in the center region of the wineglass bowl, which after
washing in certain environments develops the cloudy ring. No alkali enrichment in the
center region was observed in our glassware when unwashed. This contradicts the
hypothesis suggested by Buchmeier [5], for possible origin of the characteristic Cloudy
ring. He proposed that an uneven temperature distribution at the glass surface during
glass production leads to diffusion of alkali ions from warmer to the colder regions of the
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glass surface. According to him, the areas of high alkali ion concentration experience
excessive alkali leaching. This leaching results in a pitted surface and gives rise to the
characteristic ring shaped clouding. The only composition variation we noticed between
the rim and the central region surface was that the center region lacked aluminum) which
is well known to enhance chemical durability [60]).
When the glassware is washed in the detergent solution, it loses weight because
the mechanism of glass dissolution dominates at high pH (10 in the present case) [15].
The dissolution rate however, depends on the concentration of glass components, e.g.
sodium disilicate, in the solution [17]. The lower is the.disilicateconcentration, the higher
the glass dissolution rate. As a result, the samples washed in SO with no disilicate, suffer
the highest weight loss due to high dissolution rate. The dissolution rate is too high to
differentiate between surface defects and the rest of the glass, and thus dissolution is
almost uniform. The surface morphology remains very smnlar to that of the untreated
glass. Thus the glassware appears transparent just like the unwashed one.
The samples that were treated with S5 formulation also lose weight but not as
much as in the SO case. The surface morphology results combined with the weight loss
data suggest that non-uniform glass dissolution takes place, where some regions dissolve
at a higher rate than the others. The grooves/scratches in the center region work as
activation sites for corrosion (dissolution) reaction. The sub micron size features increase
in size due to dissolution and ultimately lead to a highly rough surface that appears whit~
due to Mie scattering of light [59]. The surface composition of the S5 treated samples
also changes upon washing; there is strong leaching of the modifier ions. Calcium
concentration decreases below the detection limit while small amount of sodium is
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retained on the surface. Since there is high concentration of sodium in the solution there
is low driving force forits leaching. However, since there is no calcium in the solution or
in soft water, there is high driving force for its leaching. Decrease mmodifiers is also
consistent with the low values of the O/Si ratio found in the cloudy ring region. While
modifiers leach out of the glass, aluminum concentration on the surface increases. This
finding suggests that as glass dissolves, the aluminum ions present in the bulk glass do
not leave the glass surface and/or are redeposited [60] from the wash solution, thus
increasing its concentration. It was pointed out in ref. [5] that the enrichment can be due
to the aluminum impurities from the detergent solution that get deposited on the glass
surface. However, we noticed aluminum enhancement even for the samples that were
washed in silicic acid / NaOH solution that didn't contain any detectable aluminum
impurities (refer to fig. 4.30). However, the aluminum enhancement was not as high as
in the disilicate case. Therefore, we conclude that impurities from the wash solution are
not the main source of aluminum enrichment on the surface.
The rim region becomes particularly enriched with aluminum ions in comparison
to the cloudy ring and there develops an iridescent film of refractive index different from
the original glass. This film does not degrade like the cloudy ring region since aluminum
is well known to inhibit corrosion by decreasing the mobility of the sodium ions, and by
reducing the effect of high pH on glass dissolution [60,6]. The rim region may also be
more corrosion resistant because of the alkali loss from the extra heat treatment it
receives during the burning off of the extra glass near the rim of the bowl towards the end
of the manufacturing process [61].
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The 85 solution provides the optimum conditions for high differential (non-
uniform) dissolution rate for the sUrface defects like scratches/grooves and the rest of the
glass. The 815 treated samples also suffer visible degradation and weight loss buton a
much smaller scale than for the 85 case. Due to high disilicate concentration in the
solution for the former·case the glass dissolution rate is quite low, but still non-uniform.
As a result, the cloudy ring develops but more slowly than in the 85 solution. However,
there is an intense bluing of the glass surface. AFM and SEM studies of the iridescent
glass region indicate presence of a film on the surface (fig. 4.7). X-ray map shown in fig.
5.1 suggests aluminum enrichment of this film. Since sodium disilicate is the main source
for aluminum impurities [5], high level of disilicatein the solution suggests high amount
of such impurities. These impurities are deposited preferentially on the glass surface ·[5]
giving rise to aluminum rich film.
5.1.1 Origin ofgrooves/scratches during processing:
As mentioned before, we did not find any alkali enrichment in the region that
develops cloudy ring after washing but only structural defects like grooves/scratches. In
this paragraph we' describe likely mechanism of how these defects are created. 8ince
glassware samples were handled with care, we rule out that they were formed due to
mishandling. We believe that scratches/grooves are created during glassware fabrication.
Glassware such as a wineglass is manufactured by the press and blow technique [61]. In
this method, the glass gob is pressed to form the parison and subsequently blown within a
mold to give it the bowl shape. During this process, the glass parison continuously rotates
around its axis inside the stationary mold. The rotation ofthe parison, and its contact with
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the mold, leaves the impression' of the mold on the outer surface of the glassware bowl.
The closest contact of glass with the mold probably occurs at the widest part of the bowl,
Le., the central region, which -thus gets the most imprints. After the glass bowl takes its
final shape, the mold is separated. Because the thickness of the bowl \Vall increases from
the top (lip) to the bottom, at the instant the mold opens, the bowl is coolest (and stiffest)
at the top where imprints do not form easily. On the other hand, it is the warmest at the
bottom where the imprints formed are subsequently healed as the glass relaxes at this
high temperature (where the structural relaxation time is very small compared to the
cooling time). The center ofthe bowl is at intermediate temperature, so that imprints form
readily and remain there. The glass relaxation in this region is slow so that the mold
imprints are frozen permanently on the surface. They appear in the form of scratches and
grooves on the glass surface. Since the mold is in contact with only the outer surface, the
inner surface remains free ofsuch features.
The size of grooves and scratches on the unwashed glassware (shown in fig. 4.1)
is not large enough to scatter light, and this region of glass thus appears clear to the
,.
unaided eye. Since they have high curvature, these features are more susceptible to
corrosion than the other smoother regions of the glass surface. When the glass is washed,
a corrosion reaction takes place preferentially at these high-energy sites. The corrosion-
prone scratches/grooves dissolve faster than the surrounding smooth regions, and thus
become deeper, wider tracks and channels (as shown in fig. 4.3 b), which scatter light so
strongly that the surface appears milky or white. This gives rise to the characteristic
cloudy ring. As the washing time increases, these tracks become interconnected, and
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eventually spread to the surrounding regions (as shown in fig. 4.6). Thus the cloudy ring
becomes dense and spreads to the surrounding regions with increasing corrosion time.
5.1.2 Origin ofcorrosion resistant lines/spots:
As mentioned in the last chapter, the cloudy ring is not uniform but contains
distinct lines and spots that are elevated, smooth regions on the glass surface. They are
more durable regions on the glass that do not dissolve as fast as the rest of the glass and
thus appear elevated. They are compositional heterogeneities on the glass surface [62].
Refractory material present in the glass melt has been usually considered to be the main
cause of such kind of defects [62]. From present observations, we propose an additional
mechanism that can also result in compositional heterogeneities dUring the manufacturing
process of the glassware: As the hot glass gob comes into contact with the atmosphere, a
reduction in the temperature (hence an increase in viscosity) as well as a depletion of the
modifier ions takes place at its surface due to thermal volatilization. These changes result
in alterations to the surface composition ofthe glass compared to its interior. When air is
subsequently blown into the gob to give it the shape of a bowl, its cool (and hard) surface
"cracks" and opens up along lines normal to the expansion direction. As the surface
expands, inner glass (of slightly different composition) oozes out from the cracks and
crannies. Gob is expanded to about 5 times to reach the shape of the final bowl. During
this process, the first formed silica rich surface does not expand much (due to high
viscosity). The inner glass in the crannies gets stretched and expanded. The surface area
of the silica rich surface is about 1/5 of the silica poor surface of the final form of glass
bowl, thus this process can thus result in c~inposition profiles on the glass surface in the
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fonn of lines and spots. Since they are deficient in modifiers and rich in aluminum (and
silica), these lines and spots are more durable than the rest of the glass. As a result, when
the glass is washed, these regions dissolve at a much slower rate than the. surrounding
areas and thus increase in height with respect to the rest ofthe glass.
In this work, we also demonstrated through a novel experiment (described in
chapter 3) the model of surface "cracking" during pressing or blowing, and hence
presence of compositional inhomogeneities on the surface in a specific pattern of
lines/spots. The experiment was based on a brief exposure of the glass tube to a TiOz
vapor, such that an ultra-thin coating condensed onto the surface. Air was then blown
into the hot glass tube and the surface of the final blown tube was then analyzed for the
remaining microstructure of the film. For this purpose the glass surface was first labeled
with a film that appeared optically distinguishable from the glass, i.e. had a refractive
index different than the glass. A TiOz film was chosen since it adheres well to the glass
substrate,and is widely used for optical, antireflection coatings, mirrors etc. because of
its high refractive index. Its properties and crystallinity are also well known..The filrh
appears optically different from the rest of the glass, and thus its behavior as a function of
the glass blowing can be studied optically.
It is important that the film is deposited unifonnly over the glass surface. An
optical image ofthe film on the glass surface before it was blown is given in fig. 5.2. One
can notice the unifonnity of the film within the micrometer scale. The x-ray diffraction
results showed that the film was amorphous.. As the glass tube is blown the thin film on
the glass surface expands non-unifonnly as shown in fig. 5.3 (a-c). The film does not
expand homogeneously but cracks open and gives rise to linear features that run parallel
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to each other (5.3 a, b). The expanSIOn process also gIves. nse to the fissuring
phenomenon as shown in 5.3 c. One can also notice spots on the glass surface. These
features are representative of the composition variations on the surface arising from the
blowing process. They confinn our model for creation of compositional profiles oli the
surface from interplay ofthe blowing technique and glass-environment interaction.
5.1.3Prevention o/visible degradation by changing solution composition:
The glassware washed in soft water compositions experienced high leaching of
calcium ions so that no calcium is detected after ~ 50 washing cycles. Since calcium
plays an important role in inhibiting corrosion by strengthening the network an~
.decreasing the mobility of the sodium ions [15], its loss on the surface makes glass less
durable. Moreover, leaching of big size ions like calcium ions results in highly porous
surface, hence an increase in the surface area [63]. Moreover, the subsequent replacement
of calcium ions with smaller size hydrogen or hydronium ions results in surface stress.
These two factors play important role in enhancing the corrosion reaction. So, if calcium
leaching is somehow reduced, corrosion reaction can be slowed down. This c~ be
achieved by incorporating calcium ions in the solution so that the driving force for their
leaching is minimum. Thus, instead of soft water, hard water containing 2.5mM CaCh
was used. Use of hard water prevented calcium leaching (refer to Table 3). In fact, the
glassware treated with hard water did not show any visible degradation. Moreover, there
was no weight loss of the articles and thus no glass dissolution. Since there was no glass
dissolution, there was no enrichment of aluminum on the surface. This also supports our
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conjecture that the aluminum enrichment observed·in the disilicate containing, soft water
treated glassware is due to the bulk glass.
5.2 Microscope slides:
A close study of the microscope slides revealed presence of surface defects in the
form ofridges that are typically few nanometers in height, tens ofnm in width and tens of
/lm in length. As glass slides are washed these ridges grow in size and run along the full
length of the slide. A comparison of the thiclrness loss of slides and concurrent increase
in ridge heights after washing indicates that ridges dissolve at a much slower rate than the
rest of the glass and hence grow in relief. However, ridges do not grow indefinitely in
height and width but reach up to a maximum and then start shrinking (figs. 4.19-20),
ultimately peel off the surface (fig. 4.25). This suggests th~t a particular ridge extends
into the bulk only up to a micron. A comparison of the ridge width profiles (fig. 4.19)
with their heights (figs. 4.16-17) indicates that they are of the same order, i.e. the ridges
are almost cylindrical in shape. Presence of these micron-size ridges even after removal
of microns of glass by HF etching (fig. 4.26), indicates that ridges are distributed
throughout the bulk glass.
5.2.1 Nature and origin o/ridges:
Several tests were performed to determine whether the ridges are created due to
residual stress [64] and/or compositional heterogeneities on the surface or are just
structural defects. The first point to consider is whether or not residual stress could be
responsible for the appearance of the ridges. The slides that were annealed to reduce the
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as-received residual stress, did not show any change in. ridge evolution after washing.
Ridge frequency~ heights and widths remained similar to those in the un-annealed slides.
This finding disproves residual stress as a possible cause of ridge formation. Existence of
compositional difference between the ridges and the glass matrix was determined from x-
ray maps of the ridge region. The ridges in washed slides are enriched in aluminum (figs.
4.29-4.31). The ridge region is also enriched in 0, Na and Mg relative to the rest of the
glass - a finding consistent with there being less leaching at the more durable ridge. As
the analysis is only qualitative, it is not possible to comment further on the degree of AI
enrichment. Further, since finding nanoscale ridges on an as-received sample was not
possible through the conductive Au-Pd coating, x-ray microprobe analysis could not be
applied for this case.
Since compositional differences between a ridge and rest ofthe glass could not be
determined for the as received samples, we used an indirect method of differential
etching analysis to confirm aluminum enrichment of ridges. Since HF etching resulted in
ridges whereas HBF4 resulted in a groove, we confirm that the ridges are indeed
aluminum rich regions, maIdng it very likely that they arise from breakdown of the
refractory lining usually referred to as cords [30-33]. Such regions would be of higher
viscosity at the melt temperature and, according to Runge and Frischat [65], would also
be immiscible with the bulk and display a higher surface tension. Now, how do
refractory- materials present as droplets can give rise to ridges in bulk glass? It should be
noted that the microscope slides are made by a machine draw process wherein ribbons of
glass melt are drawn vertically or horizontally in a controlled manner to form a sheet
[66]. During the drawing operation, the viscous aluminum rich regions from the
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refractory material, would be extended in the direction of the draw and the difference in
surface tension would result in the regions forming as extended cylinders of
approximately circular cross-section. These regions could lie at the glass surface, though,
as they will be wetted by the bulk glass phase, they might be expected to withdraw to just
below the surface. Since refractory material is expected to be uniformly distributed in the
glass melt, so are the ridges in the slides. Such ridges or "striations" or more often called.
"cords" have been detected on a macroscopic scale (rom) in large glass sheets [67], but
the present ridges on the order ofnanometers in scale have not been reported previously.
If the glass matrix is less durable than the cord, the latter will be exposed
relatively rapidly during washing. However, should the matrix and the cord be of
comparable durability, it would take a very prolonged exposure to demonstrate
differential composition. So we conclude that the cords become exposed as a result of
differential solubility, with respect to the surrounding glass, in the wash solution. As
indicated above, surface tension forces would be expected to keep these cords roughly
circular in cross-section. Thus, as the cord is exposed, the resulting ridge might be
expected to display a cross section as indicated schematically in Fig. SA. Assuming that
the cord is aligned parallel to, and is just at or below the glass surface, the exposed cord
.would be expected to display a ridge width which at fir~t increases with treatment time,
and then shrinks, ultimately disappearing. Due to its circular cross-section, we expect
that the vertical diameter of the cord should approximate its maximal width. Thus, a
ridge should break away from the exposed glass surface once a thickness on the Ilm order
of the surrounding glass is removed. The findings of Figs. 4.20 and 4.25 support this
hypothesis.
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5.2.2 Role o/solution composition:
Differential solubility of ~ords with respect to the glass matrix, or in other words
the evolution of ridges, also depends on the solution composition. Low disilicate.
concentration gives rise to a faster increase of ridge height with time than the high
disilicate concentration in wash solution (fig. 4.21). This difference is due to higher
dissolution rate of the base glass with respect to the ridge region. It is interesting to
consider differential solubility of the ridges demonstrated in this work in light of the
known compositional dependence of glass solubility in HF. According to Spierings [18],
enrichment of soda lime glass by up to a few % of a network-forming oxide such as
Ah03 is expected to lower its dissolution rate in 10% HF by roughly a factor of 2.
However, it is well known that such concentrated HF solutions are relatively nonselective
in that they attack both bridging and non-bridging oxygen atot,TIs in the glass network.
On the other hand, more dilute HF (such as the 1% solutions employed in the differential
etching) will selectively attack non-bridging oxygen atoms and so will be less effective in
attacking an aluminum enriched glass (in which aluminum substitution reduces the
fraction of this kind of oxygen). This increase in selectivity seems to be at work in the
present aluminum enriched ridges. Fig~ 5.5 shows representative imaging ellipsometer
results for slides etched for 2 min. in 10% HF (slide H2) and for 30 min. in 1% HF (slide
AS). Both x-images and the corresponding x-profiles for a horizontal slice across the
image are shown. The etch depth is 2.0 flm in both cases. A ridge is visible in the 10%
HF etched slide, but its relief, as judged from the x-profile, is minimal. However, the 1%
HF etched slide shows sharper ridge images with a distinct x-profile.
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A rule of thumb which seems to emerge is that the lower the etch rate (down to a
point of course), the more selective the etching is likely to be. This selectivity need not
always be aligned with the compositions representing ridge and matrix at its opposite
extremes. The wash formulation comprising the treatment solution represents a second
case in which just this sort of selectivity is observed. For the wineglass corrosion using
this same 85 formulation, is was noted that the rate of soda lime silicate glass dissolution
increased as the level of sodium disilicate was decreased from 0.5 gIL to 1.5 gIL. Yet,
degradation of the visual appearance of these glass surfaces was noticeably worse at the
slower dissolution rate. It would appear that the current treatment liquor 85 appears to be
(unintentionally!)optimized to distinguish between glasses ofdiffering aluminum level.
With reference to other work in this field, some previous workers [5] have
maintained that the deposition of a. silica residue from the treatment solution was
responsible for any observed surface roughening, such as the occurrence of these ridges.
In the present work, experiments conducted under low and zero disilicate conditions still
resulted in the appearance of ridges. These findings indicate that the selective deposition
explanation cannot apply to the current situation. Further, the surface of the ridges
maintains a smooth character during ridge growth, which would be unlikely if a
precipitation mechanism were at work.
Ridges encountered on glass slides seem at first to be very similar to the corrosion
resistant parallel lines encountered on the corroded wineglass surface in the cloudy ring
region (fig. 4.5 (a, b)). One might conclude that they have the same origin too, that is they
originate from cords as hypothesized earlier [30-33]. However, we proposed an
additional mechanism for the origin of the defects that give rise to the corrosion resistant
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lines/spots in wineglasses. We proposed lines/spots were swface heterogeneities that
originated from the glass blowing process and volatilization ofmodifier ions in glass. The
features on glass slides and wineglasses behave in very differen~ ways. Firstly, under high
glass dissolution rates using SO, the ridges on glass slides become amplified but line/spots
do not show any increase in height and dissolve with the same rate as the rest ofthe glass.
Secondly, some lines/spots have been found to be mm in width. One does not expect the
glass melt to be abundant with so' much of refractory material. However, this is not to
conclude that wineglasses are free ofcords. Some lines/spots do originate from cords.
In summary, swface defects play crucial role in the visible degradation of the
glass articles. These surface defects can be structural or chemical, which can originate
due to (a) mold/parison interaction, (b) glass blowing process as in the case of glassware,
or (c) presence of the cords in the glass melt. Removal of these defects from the swface
can considerably reduce corrosion/visible degradation of the glass articl~s. The defects of
type (a) can be removed by smoothening the mold surface that comes in contact with the
glass parison, and by heating the mold to reduce the mold chilling effect on the glass
surface [9]. Defects oftype (b) can be removed by controlling the factory environment [9,
35, 36]. The reduction of the occurrence of cords has' been discussed by numerous
authors [68]. Better batch mixing and higher furnace operating temperatures are obvious,
though perhaps uneconomical, solutions [69]. Better furnace designs, which reduce the
extent to which products from refractory corrosion can collect and form cords, have also
been proposed [62]. Different processing routes, which might somehow reduce the
conspicuousness of these cords might also be found. It is clear that visible corrosion
results because dissolution rates of the defects and matrix glass differ substantially.
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Obviously, the closer is the dissolution rate of these two components, the more extensive
the treatment that would be required to observe corrosion. Thus, a better matching of the
. dissolution rates would be one fruitful approach. Assuming that there is much less control
of the cord composition, more attention could be given to making the matrix glass more
durable. As indicated by our results, rather subtle increase in the levels of glass
intermediates (Ah03 for example) might be sufficient to reduce visible degradation.
Again, however, increased costs could be of concern. The present study also suggests
that it is the selective nature' of the treatment solution with respect to the glass
composition that leads to corrosion issues. These solutions are often designed for
optimum cleaning with little thought to article durability. Indeed, the best performing
cleaning formulations may actually be the worst with regards to the differential solubility
ofcord versus matrix. However, as long as there is some recognition ofthese issues, then
an overall optimization can, at least in principle, be attempted.
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Film
Fig. 5.1: X-ray map ofa glass slide washed in high disilicate S15 solution showing
aluminum rich film (each box size is ~ 3x3 /lm2)
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Fig. 5.2: Glass surface coated with Ti02 film.
(a) (b)
(c)
Fig: 5.3 (a-c): Surface microstructure ofthe blown glass with a ri02 film.
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Fig. 5.4: Schematic, cross-sectional diagram indicating the emergence ofa ridge as a cord
is exposed.
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Fig. 5.5: Imaging ellipsometer results for microscope slides etched in 1% (A5) and 10%
(H2) HF to a comparable depth of2.0 J-lrn.
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Chapter 6 Conclusions
The presence of surface defects on high quality commercial glass articles
influences their chemical durability. These defects, which can be compositional and/or
structural, are created during the manufacturing process. These surface defects are
more/less reactive than the rest of the glass, and thus result in inhomogeneous corrosion
when a glass article is exposed to certain environments.
The exposure of glassware, such as wineglasses, to model cleaning solution
results in two kinds of corrosion behavior: (i) uniform glass dissolution and (ii)
inhomogeneous degradation that occurs only on the outer surface with a characteristic
, pattern. The uniform glass dissolution merely results in weight loss of the glassware but
does not change its appearance. The lower is the sodium disilicate concentration. in
cleaning solution, the higher the uniform dissolution of glass. The characteristic
inhomogeneous dissolution, which is most severe at intermediate sodium disilicate
concentration in the solution, results in weight loss as well as visible degradation in
certain limited regions ofthe glassware.
There are two distinct types of inhomogeneous corrosion, which occur initially in
different parts ofthe glassware:
(a) Cloudy ring that occurs around the widest section at the center of the glass
bowl. It consists of highly rough (pitted and scratched) depressed regions as well as
smooth, elevated lines/spots. Structural and compositional defects on the glass surface are
the main cause of this most obvious visual degradation, which are introduced during
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manufacturing. Structural defects like grooves/scratches created due to parison/mold
interaction and the temperature profile during glassware fabrication make the center
vulnerable to inhomogeneous dissolution and give rise to the characteristic cloudy ring.
Glass blowing and inhomogeneities in the melt introduce compositional defects that are
more durable than the rest ofthe glass. They appear as elevated lines/spots after washing.
(b) Iridescence that occurs primarily in the rim region of the glass bowl. The rim
region develops bluing after long exposure to cleaning solution. It arises due to the
presence of an aluminum-rich film on the surface that has a refractive index different
from the original glass. Iridescent film also contains clear lines and spots.
One of the highest quality glass articles like microscope glass slides show
presence ofridge like surface features which are amplified after exposure to the treatment
solution. Ridges are highly parallel to each other and run along the entire length of the
slides. They are cylindrical in shape and are present throughout the bulk glass. Ridges are
more durable than the rest of the glass. They are compositional defects rich in aluminum,
and are created from the presence of the cords in the glass melt during the manufactUring
process.
Differential solubility of the surface defects with respect to the glass matrix plays
crucial role in visible degradation of the treated samples. This factor depends on the
solution composition. Intermediate dissolution rates give rise to high differential
solubility and thus maximum visible degradation of the glass articles.
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